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Why Are Low-Density
Lipoproteins Atherogenic?

STEPHEN G. YOUNG, MD, San Francisco, and
SAMPATH PARTHASARATHY, PhD, La Jolla, California

Low-density lipoproteins (LDLs) carry most of the cholesterol in human plasma, and high levels of LDL
cholesterol clearly cause heart disease. In recent years, many scientists have focused on elucidating
the pathophysiologic steps that lie between elevated levels of LDL in the plasma and atherosclerotic
plaques in the arterial wall. A large number of scientific studies indicate that oxidation of LDL within
the arterial wall may be an important early step in atherogenesis. The uptake of oxidized LDL by
macrophages is a likely explanation for the formation of macrophage foam cells in early atheroscle-
rotic lesions. In addition, oxidized LDL has many other potentially proatherogenic properties.

(Young SG, Parthasarathy S: Why are low-density lipoproteins atherogenic? West | Med 1994; 160:153-164)

ij-density lipoproteins (LDLs) are spherical particles
consisting largely of cholesteryl ester, phospholipid,
and a single large protein, apolipoprotein (apo) B-100.
The LDL particles, which contain about two thirds of the
cholesterol in healthy human plasma, are derived from
the metabolism of the triglyceride-rich very-low-density
lipoproteins (VLDLs). Genetic, pathologic, and epidemi-
ologic studies, studies using animals, and dietary and
drug intervention trials using human subjects have impli-
cated high plasma levels of LDLs in the pathogenesis of
atherosclerosis.”* In recent years, important advances
have been made in understanding why these spherical
lipid-protein particles are atherogenic. A pathologic hall-
mark of atherosclerosis is the accumulation of lipids
within the macrophages of the arterial wall. There is little
doubt that the lipids within the macrophage foam cells of
atherosclerotic fatty-streak lesions are derived from the
circulating lipoproteins. What are the steps that lead to the
uptake of lipoproteins by cells in the arterial wall? Labo-
ratory investigations have indicated that native LDL par-
ticles, such as those that circulate in the plasma, are taken
up slowly by macrophages; thus, they probably have only
a limited capacity to contribute to atherosclerotic foam
cell formation.? Accumulating evidence, however, sug-
gests that a variety of cell types within the arterial wall
can oxidize LDLs and that oxidative modification alters
the biologic properties of LDL, converting these lipopro-
teins into a form that is taken up avidly by macrophages.?
Thus, LDL oxidation may be important in the develop-

*See also the editorial by A. Chait, MD, “Low-Density Lipoprotein and the
Pathogenesis of Atherosclerosis,” on pages 183-184 of this issue.

ment of foam cell lesions in the arterial wall. In addition,
oxidized LDL has other properties that appear to be im-
portant in the pathogenesis of atherosclerosis.’ In this
brief review we will summarize some of the recent re-
search indicating the role of oxidized LDLs in the patho-
genesis of atherosclerosis.

What Are Low-Density Lipoproteins,
and Where Do They Come From?

Low-density lipoproteins have a diameter of about 22
nm and a hydrated density ranging from 1.019 to 1.063
grams per ml. The core of the LDL particle consists
largely of cholesteryl ester, with a small amount of tri-
glycerides. The surface coat of LDL consists of phospho-
lipids—mainly phosphatidylcholine and sphingomyelin-—
free cholesterol, and a single molecule of a large protein,
apo B-100.* The fatty acids of the LDL phospholipids re-
flect, to an extent, the fatty acids consumed in the diet.’
The most abundant fatty acid in human LDL is the
polyunsaturated fatty acid, linoleate (18:2).° Apolipopro-
tein B-100, which is 4,536 amino acids in length, has nu-
merous sequences throughout its length that are thought
to be important in lipid binding.® The apo B-100 poly-
peptide chain is thought to “circumnavigate” the LDL
sphere,” and it has been speculated that numerous short
hydrophobic segments of the apo B molecule “dive” in
and out of the neutral lipid core of the particle.®

Low-density lipoproteins are the product of the me-
tabolism of triglyceride-rich VLDLs, which are synthe-
sized and secreted into the plasma by the liver.* The
triglyceride core of the VLDL is hydrolyzed by lipopro-
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ABBREVIATIONS USED IN TEXT

apo = apolipoprotein

HDL = high-density lipoprotein

LDL = low-density lipoprotein

VLDL = very-low-density lipoprotein

WHHL = Watanabe heritable hyperlipidemic [rabbits]

tein lipase, which is located along the capillary endothe-
lium, principally in muscle and adipose tissue. As the
triglyceride core of VLDL particles shrinks, the excess
surface components of VLDL (including free cholesterol,
several small apolipoproteins, and phospholipids) are
transferred to the high-density lipoproteins (HDLs); at the
same time, cholesteryl esters are transferred from the
HDL to the VLDL remnant. Most of the cholesteryl ester
in VLDL remnants is derived from the HDL. About half
of VLDL particles are removed from the circulation in the
liver by specific receptors on the hepatocyte cell mem-
brane.* The remainder of VLDL is gradually metabolized
in the circulation to smaller, denser, cholesteryl ester-rich
particles of the LDL class. The final processing of VLDL
remnants to LDL involves processing by another lipolytic
enzyme, hepatic lipase. The residence time of LDL in the
circulation is normally two to three days. About three
fourths of LDL particles are removed by the liver and the
remainder by extrahepatic tissues.” Most of the uptake of
LDL by cells is mediated by a specific cellular receptor,
the LDL receptor.” The apo B-100 on LDL particles is a
ligand for the LDL receptor and mediates the binding and
uptake of LDL by cells."

Evidence That High Plasma Levels
of Low-Density Lipoprotein Cause
Atherosclerosis

Perhaps the best evidence that LDL is atherogenic
comes from two monogenic inherited metabolic disorders
that cause high plasma LDL levels. In familial hypercho-
lesterolemia, the cellular LDL receptor is either absent or
structurally altered so that it cannot bind and internalize
LDL." As a result of this genetic defect, LDL cannot be
taken up by cells at a normal rate and therefore accumu-
lates in the plasma. In familial defective apo B-100, a sin-
gle amino acid substitution in apo B-100 interferes with
the high-affinity binding of LDL-apo B-100 to the LDL
receptor.'? The metabolic consequences of this defect are
virtually identical to those observed with LDL-receptor
defects—an accumulation of LDL in the plasma. Affected
heterozygotes for either genetic disorder have high LDL-
cholesterol levels (> 4.90 mmol per liter [190 mg per dl]),
tendon xanthomas, and premature coronary atherosclero-
sis.'*** Thus, two different gene defects, each having the
primary effect of raising LDL levels, cause premature ath-
erosclerosis.

In addition to genetic evidence implicating LDLs in
the pathogenesis of atherosclerosis, many observational,
epidemiologic, and cross-cultural studies have shown a
strong association between elevated LDL levels and ath-
erosclerotic heart disease. Furthermore, experimental

studies with nonhuman primates have demonstrated that
cholesterol-rich and saturated fatty acid-rich diets (which
elevate plasma LDL levels) result in foam cell-rich ath-
erosclerotic lesions in the aorta and coronary arteries;
stopping these atherogenic diets results in the reversal of
atherosclerosis.”"” In humans, drug therapy specifically
designed to lower LDL-cholesterol levels prevents the de-
velopment of coronary heart disease in healthy hypercho-
lesterolemic subjects'*'®"” and improves coronary artery
anatomy in those with already established atherosclerotic
disease.?* Thus, the evidence proving that elevated LDL
levels are causally related to atherosclerosis is extremely
strong and essentially incontrovertible.

Metabolic Changes in Low-Density
Lipoproteins Produced by
Chemical Modification

With the link between elevated LDL levels and ath-
erosclerosis firmly established, many investigators of li-
poprotein metabolism have shifted their efforts from
determining whether or not LDLs are atherogenic to try-
ing to understand why LDLs are atherogenic. An impor-
tant insight into the mechanism of LDL atherogeneity
was made by the laboratory of Brown and Goldstein.**
They recognized, clearly articulated, and experimentally
explored a seemingly paradoxical set of observations. The
first observation was that elevated levels of LDL in the
plasma led to the development of atherosclerotic fatty-
streak lesions containing macrophage foam cells. The
second observation was that in both humans and animals
with genetic defects in the LDL receptor, typical athero-
sclerotic lesions develop that are rich in macrophage foam
cells despite the absence of functional LDL receptors; this
strongly implies that the LDL receptor does not mediate
the uptake of lipoproteins into foam cells. The third ob-
servation was that normal monocyte-derived macro-
phages have an extremely limited capacity to take up and
degrade freshly isolated LDL.

The question that naturally arises from these observa-
tions is, What mechanism accounts for the uptake of LDL
into macrophage foam cells in the arterial wall? As re-
ported in a landmark article,” a chemical modification of
LDL was found with acetic anhydride (which acetylates
the € amino group of lysine residues of apo B, thereby in-
creasing the negative charge of LDL) that dramatically al-
ters the intrinsic metabolic properties of the LDL. Unlike
normal LDL, the acetylated LDL (acetyl LDL) could not
bind to the LDL receptor on cultured fibroblasts. The
acetyl LDL was, however, taken up and degraded by cul-
tured monocytes or macrophages through the action of
a cellular receptor—which Goldstein and co-workers des-
ignated the scavenger receptor—distinct from the LDL
receptor. The uptake of acetyl LDL by cultured macro-
phages was saturable and extremely rapid; macrophage
foam cells could be produced in cell culture overnight by
incubating the cells with acetyl LDL. Unlike the LDL re-
ceptor, the activity of the scavenger receptor could not be
inhibited by incubating the macrophages with sterols. The
scavenger receptor also recognized a variety of other lig-
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ands, including acetoacetylated LDL, malondialdehyde-
modified LDL, polyinosinic acid, and other polyanionic
compounds.? A cell membrane receptor that was cap-
able of binding acetyl LDL—designated the acetyl-LDL
receptor—has been purified and its primary structure
determined.”*”

The biologic relevance of acetyl LDL produced by
chemical modification of LDL was not clear initially be-
cause substantial amounts of acetylation of plasma pro-
teins do not occur in vivo.2 In 1981, however, Henriksen
and associates reported that cultured endothelial cells
have the capacity to biologically modify LDL in such a
way that it could be taken up rapidly by cultured
macrophages.® Like chemically acetylated LDL, the en-
dothelial cell-modified LDL had an increased negative
charge. Cell culture studies revealed that this modified
LDL could compete with acetyl LDL for uptake by the
acetyl-LDL receptor of macrophages, indicating that it
binds to the same receptor.**' The observation that en-
dothelial cells could biologically modify LDL was of im-
mediate interest because it posed a plausible hypothesis
for how LDL might be taken up in vivo by macrophage
foam cells in the arterial wall. Subsequent cell culture
studies of LDL modification have shown that each princi-
pal cell type found in the arterial wall—endothelial cells,
smooth muscle cells, macrophages, and fibroblasts—have
the capacity to modify LDL so that these lipoproteins are
taken up rapidly by cultured macrophages.>** Further-
more, in situ hybridization and immunocytochemistry
studies have shown that macrophages in the arterial ath-
erosclerotic lesions (but not cells of nonlesioned regions
of the artery wall) express the acetyl-LDL receptor—the
receptor that recognizes biologically modified LDL.>**
In contrast, the arterial macrophage foam cells express lit-
tle LDL receptor.* The acetyl-LDL receptor has also been
identified in rabbit smooth muscle cells by the laboratory
of Pitas.*

Nature of the Biologic Modification of
Low-Density Lipoprotein by Cells

Studies at the University of California, San Diego,**
and other laboratories™ have shown that the biologic mod-
ification of LDL by cultured endothelial cells involves
oxidation of the polyunsaturated fatty acids in the low-
density lipids and that this modification reaction can be
largely or completely inhibited by antioxidants such as
butylated hydroxytoluene or vitamin E.** Oxidative mod-
ification of LDL by cultured cells is absolutely dependent
on small concentrations of copper or iron and can be in-
hibited by divalent metal chelators such as edetate. The
oxidation of LDL requires the free radical-mediated ab-
straction of a hydrogen atom of a polyunsaturated fatty
acid, forming a fatty acid radical, that then can react with
oxygen to form lipid hydroperoxides.” The initial perox-
ides or radicals can react with antioxidants contained
within LDL, such as vitamin E, and thereby lose their
ability to produce oxidation; an LDL particle that is suffi-
ciently enriched in antioxidants is resistant to oxidative
modification.” Once the antioxidants are depleted, how-

ever, the lipid hydroperoxides can be a source of further
free radicals by ferric or cupric ion catalyzed reactions,
leading to an acceleration of polyunsaturated fatty acid
peroxidation. The speed and extent of fatty acid peroxida-
tion is dramatically increased by phospholipase A, activ-
ity, which is intrinsic to the LDL particle and may be
specified by some part of the apo B-100 molecule.®* It
seems likely that this phospholipase activity specifically
acts on oxidized phospholipids at the surface of LDL,
thereby liberating fatty acid hydroperoxides and allowing
them to disperse throughout the LDL particle, accelerat-
ing the oxidation reaction. Inhibitors of phospholipase A,
such as p-bromophenacyl bromide dramatically inhibit
LDL oxidation.* The phospholipase activity within LDL
is responsible for an increased content of lysolecithin in
oxidized LDL. Similar to the use of cultured cells, LDLs
can be oxidized in vitro simply by incubating them with
low concentrations of cupric or ferric ions.*

The mechanism for initiating LDL oxidation by cul-
tured cells is not understood in detail and requires further
study. Some investigators think that the oxidation of
polyunsaturated fatty acids is initiated by the secretion of
superoxide anions, which are eventually capable of gen-
erating highly reactive hydroxyl radicals that can attack
polyunsaturated fatty acids to form fatty acid hydroperox-
ides.* Other evidence suggests that superoxide anions
may have only a secondary role in LDL oxidation.®
Another possibility for the oxidation of LDL is that a cel-
lular enzyme, 15-lipoxygenase, generates fatty acid hy-
droperoxides, which could be incorporated into the cell
membrane, where they could interact with extracellular
LDL, or could leave the cell, where they might interact
directly with LDL.*** In the presence of divalent metal
ions, fatty acid hydroperoxides can lead to a rapid oxida-
tion of LDL fatty acids. Sparrow and associates have
shown that a purified soybean lipoxygenase can oxidize
LDL effectively, particularly when a phospholipase A,
is included in the reaction.® Cell-generated cysteine,
through cellular cysteine recycling, has also been sug-
gested to have an important role in the generation of ex-
tracellular free radicals.* At present, it is generally
thought that different cell types may contribute to the ox-
idation of LDL by one or more mechanisms, and miscel-
laneous factors including cytokines and cell activation
may influence the rate of cell-induced oxidation of LDL.

Oxidation results in a number of chemical changes, in
both the lipid and protein moieties of LDL.* During the
oxidation of LDL by cultured cells or by incubation with
low concentrations of cupric ions, the apo B molecule be-
comes fragmented™; frequently little or no full-length apo
B-100 can be detected in oxidized LDL preparations. The
fragmentation is almost certainly the result of an oxida-
tion reaction, since it cannot be blocked by various in-
hibitors of proteolysis.* In addition, several amino acids
are susceptible to oxidation. In particular, there is a con-
siderable loss of lysines, histidines, methionines, prolines,
and cysteines. Oxidation of LDL also leads to a striking
depletion of polyunsaturated fatty acids.* In contrast,
monounsaturated fatty acids such as oleic acid (18:1) are
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not as susceptible to oxidative degradation and may
actually retard the oxidative modification of LDL when
they are present in LDLs in sufficiently high concentra-
tions.”” (Resistance of oleic acid to oxidation offers an at-
tractive scientific basis for the beneficial effects of a
“Mediterranean” diet in protecting against coronary
artery disease.’) Low-density lipoprotein sterols also un-
dergo oxidation; the most abundant oxidized sterols are
7-ketocholesterol, 7-hydroxycholesterol, hydroperoxy-
cholesterol, and 5,6-epoxycholesterol.

The effects of oxysterols on cellular metabolism have
not been studied in detail. It has been suggested that some
of the oxidized cholesterol derivatives may affect the acyl-
coenzyme A:cholesterol acyltransferase reaction, thus ac-
counting for the decreased esterification of cholesterol
when oxidized LDL is incubated with macrophages.®*
In addition, the peroxidation of the polyunsaturated fatty
acids of LDL leads to the production of a large number of
highly reactive ketones and aldehydes, including malon-
dialdehyde, hexanal, and 4-hydroxynonenal.* Either the
fatty acid hydroperoxides themselves™ or the fatty acid
breakdown products® covalently react with the € amino
groups of lysine residues in apo B; consequently, the ly-
sine content of the apo B of oxidized LDL is considerably
lower than is observed in the apo B of normal LDL.*
Derivatization of the apo B lysines by-products of LDL
oxidation almost certainly accounts for the increased
negative charge of oxidized LDL and for the ability of
oxidized LDL to bind to the scavenger receptor. Parthas-
arathy and colleagues have successfully solubilized the
derivatized and fragmented apo B from delipidated oxi-
dized LDL and have demonstrated that it competes with
acetylated LDL for binding to the acetyl-LDL receptor.®
Also, LDL modified in vitro with malondialdehyde>**
competes with acetyl LDL for uptake by the acetyl-LDL
receptor. Strongly oxidized LDL preparations no longer
have the capacity to bind to the LDL receptor, undoubt-
edly because of the extensive fragmentation and derivati-
zation of apo B. A summary of the important chemical,
physical, and intrinsic metabolic properties of oxidized
LDL is shown in Table 1.

The neutral lipid core and surface coat of LDL contain
several lipid-soluble antioxidants, including B-carotene,
a-tocopherol, +y-tocopherol, lycopene, ubiquinol, and
other compounds. On a molar basis, however, LDL con-
tains several hundredfold more molecules of polyunsatu-
rated fatty acids than these natural antioxidants.***" In
vitro studies of the oxidation of LDL have demonstrated
that these natural antioxidants protect LDL from fatty
acid peroxidation for only a short period. Following a
“lag time” during which the antioxidants are consumed,
the destruction of polyunsaturated fatty acids proceeds
rapidly, along with the fragmentation of apo B and the co-
valent modification of apo B molecules. There is hetero-
geneity in the lag time preceding LDL oxidation with
LDL specimens from different persons,®* as well as in
the extent of oxidation of LDL specimens from different
persons. This heterogeneity has been seen even when the
oxidation reactions are carried out under standardized

TABLE 1.—Selected Properties of Oxidized (or Endothelial
Cell-Modified) Low-Density Lipoprotein (LDL)

T Negative charge

T Density

1 Uptake by the LDL receptor

T Uptake by scavenger receptors

| Vitamin E, B-carotene, and other antioxidants

{ Polyunsaturated fatty acids

1 Phosphatidylcholine and T lysophosphatidylcholine
T Cholesterol oxidation products

T Hydroxy fatty acids and carbonyl compounds

Apo B-100 fragmented

Amino acids oxidized and histidine, lysine, and proline residues lost
1 Lipid and protein fluorescence

T Tendency to form aggregates
1 = increased, | = decreased

conditions,® apparently reflecting different antioxidant
contents of different LDL specimens. The fatty acid com-
position of the LDL may also play an important role in
the susceptibility of LDL to oxidation.”’

Oxidation of LDL is not a simple chemical reaction,
and oxidized LDL is not a simple, homogeneous sub-
stance. Many different experimental protocols for gener-
ating oxidized LDL have been reported, and the degree
of oxidation of the lipids and the amount of derivatiza-
tion of apo B vary widely with different oxidation proto-
cols.* For example, only minimal physical and chemical
changes related to oxidation are produced by a prolonged
storage of LDL with oxygen or by incubation with low
concentrations of copper ions.® Low-density lipoprotein
with low degrees of oxidation, frequently called mini-
mally modified LDL, has little apo B fragmentation, no
loss of the capacity to bind to the LDL receptor, and no
ability to bind to the scavenger receptor. Minimally mod-
ified LDL nevertheless has biologic properties that may
be important in leading to the early development of ath-
erosclerotic lesions (discussed later). On the other hand,
profound physical, chemical, and metabolic alterations in
LDL can be produced by incubating the LDL with higher
concentrations of copper or with cultured cells.” Aside
from the fact that different oxidized LDL preparations
may differ in their propensity to undergo oxidation, vari-
ous investigators have used different types of operational
assays for assessing LDL oxidative changes.*® When at-
tempting to interpret the reported biologic effects of oxi-
dized LDL, it is important to take into account these
different oxidation protocols and experimental methods
for assessing oxidation and the heterogeneity in the sus-
ceptibility of various LDL preparations to oxidation (even
those prepared by the same laboratory under standardized
conditions).®

Evidence That Oxidized Low-Density
Lipoproteins Exist In Vivo

Laboratory studies have shown that it is difficult to ox-
idize LDL in the presence of either serum or plasma.’
This finding is probably related to the presence of many
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different antioxidant compounds in plasma; in addition to
lipid-soluble antioxidants, other plasma components, in-
cluding ascorbate, uric acid, albumin, bilirubin, transfer-
rin, and ceruloplasmin, have antioxidant properties.*
Because of these high concentrations of antioxidants, ox-
idation of LDL probably cannot occur to an appreciable
extent within the plasma compartment. Cell-mediated
oxidation could conceivably occur in a sequestered mi-
croenvironment within the arterial wall, where the con-
centration of antioxidants is lower.> Over the past five
years, increasing evidence has indicated that the oxidation
of LDL can and does occur within the arterial wall.

One of the main reasons to think that oxidation occurs
within the arterial walls comes from the examination of
lipoproteins extracted from lesioned areas of human ar-
teries and the arteries of Watanabe rabbits with heritable
hyperlipidemia (WHHL). (These rabbits have a struc-
turally abnormal LDL receptor® and have pronounced hy-
percholesterolemia and accelerated atherosclerosis.®)
Yléd-Herttuala and co-workers obtained fresh human
aortas from organ donors and gently extracted and then
concentrated the lipoproteins from the intima of athero-
sclerotic lesions.*# The lipoproteins isolated from lesions
of human aortas had many of the same chemical and
physical properties as those of oxidized LDL prepared by
incubating with cultured cells or with copper ion. These
properties included an increased electrophoretic mobility
(increased negative charge), fragmentation of apo B, in-
creased density, increased lysolecithin content, and a de-
creased content of polyunsaturated fatty acids.* In
addition, the lesion LDL had a markedly increased ability
to be taken up and degraded by cultured macrophages,
and this increased rate of uptake and degradation could be
competed for by oxidized LDL and other ligands for the
acetyl-LDL receptor. Hoff and O’Neil prepared LDL
from lesions of human aortas obtained at autopsy and
generally found physical and chemical alterations in the
lesion LDL that were similar to those identified by Y-
Herttuala and associates.*** In addition to documenting
that the LDL had an increased electrophoretic mobility
and increased rate of uptake by the scavenger receptor,
they found that the lesion LDL had increased fluores-
cence emission (420 to 450 nm, excitation at 360 nm),
which is characteristic of Schiff-base adducts formed by
the products of lipid oxidation and the lysines on apo B.%

There is also immunochemical evidence for LDL oxi-
dation. Investigators at the University of California, San
Diego, have shown that monoclonal and polyclonal anti-
bodies can be developed that are highly specific for chem-
ically modified lysine residues, including the chemical
modifications of lysines that occur during LDL oxida-
tion.*#* For example, they have developed antibodies
against lysine residues that have been modified by either
malondialdehyde or 4-hydroxynonenal, two aldehydes
that are formed during the breakdown of polyunsaturated
fatty acids. Both Yld-Herttuala and colleagues and Hoff
and O’Neil have used these immunochemical reagents to
characterize the LDL isolated from atherosclerotic le-
sions.** Both groups found that this LDL increased in

reactivity with antibodies specific for malondialdehyde-
modified lysine residues. Further support for the exis-
tence of oxidation in the arterial wall has come from
studies of Rosenfeld and co-workers on the properties of
macrophages within atherosclerotic lesions.” They gener-
ated atherosclerotic lesions in the aortas of rabbits by
balloon de-endothelialization followed by diet-induced
hypercholesterolemia. They purified macrophage foam
cells from the aortic lesion and demonstrated that these
cells showed positive immunoreactivity to polyclonal and
monoclonal antibodies directed against malondialde-
hyde- and 4-hydroxynonenal-modified LDL. These mac-
rophages also degraded oxidized LDL by the acetyl-LDL
receptor pathway. Furthermore, these cells had the capac-
ity to oxidize LDL in vitro.?®

Immunohistochemical studies have also provided sup-
port for the proposition that LDL is oxidized within ath-
erosclerotic lesions. Haberland and colleagues prepared
a monoclonal antibody specific for malondialdehyde-
derivatized lysines and used it to look for evidence of
malondialdehyde-modified proteins in atherosclerotic le-
sions of WHHL rabbits.™ They found that this antibody
strongly stained the extracellular matrix surrounding
macrophage foam cells and that this staining colocalized
with immunostaining with an apo B-100-specific mono-
clonal antibody. Subsequently, Palinski and associates
also showed staining of rabbit arterial lesions by antibod-
ies specific for oxidized LDL, malondialdehyde-modified
LDL, or 4-hydroxynonenal-modified LDL.® Moreover,
these antibodies stained both extracellular areas and mac-
rophages. Colocalization of the epitopes for oxidized
LDL and apo B was not always observed, in contrast to
the results reported by Haberland and co-workers.”

The immunostaining observed with antibodies to mal-
ondialdehyde- and 4-hydroxynonenal-modified LDL pro-
teins cannot be viewed as conclusive evidence for the
presence of oxidized LDL in the lesions, as these antibod-
ies recognize only derivatized lysine residues and would
bind to modified lysine residues in any protein (not just
apo B). These studies also do not show that oxidation of
the lipoproteins occurred before the lipoproteins were
taken up by the macrophages. Studies by Mitchinson’s
group at Cambridge (England) University have shown
that macrophages can oxidize lipids intracellularly and
generate “ceroids” that are thought to be oxidized lipid-
protein complexes.” Despite these qualifications, the im-
munohistochemical studies provide strong circumstantial
evidence for LDL oxidation in the arterial wall. Another
finding that lends circumstantial support to LDL oxida-
tion in vivo is that in both rabbits and humans, autoanti-
bodies frequently develop against oxidized LDL.%

Yld-Herttuala and co-workers recently used immuno-
histochemical studies and in situ hybridization studies
to compare the distribution of antibodies to oxidized
LDL (such as malondialdehyde-derivatized proteins) and
several gene products thought to be important in LDL
oxidation and the generation of foam cells.**” They
demonstrated that the proteins containing epitopes of oxi-
dized LDL colocalize with the messenger RNA for 15-
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lipoxygenase in arterial lesions of WHHL rabbits.” As
described earlier, 15-lipoxygenase is a cellular enzyme
that may have a role in initiating LDL oxidation.” In a fol-
low-up study, they examined human atherosclerotic le-
sions obtained from organ donors and found that the
immunostaining of lesions with antibodies to oxidized
LDL colocalized with the messenger RNA for 15-lipoxy-
genase and that for the acetyl-LDL receptor.* The im-
munohistochemical and in situ hybridization studies
(together with the studies on LDL extracted from arterial
lesions) favor the proposition that oxidized LDL exists in
the arterial wall. These histologic studies, however, pro-
vide only “snapshots” of different events in the arterial
wall and cannot by themselves be used to determine
whether the observed phenomena are mechanistically
related or whether they represent important events in ath-
erosclerosis. Nevertheless, they lend support to the hy-
pothesis of the existence of LDL oxidation in vivo and a
possible role for the scavenger receptor-mediated uptake
of cell-oxidized LDL in the generation of early athero-
sclerotic lesions.

Atherogenic Effects of Oxidized
Low-Density Lipoprotein

As outlined, the internalization of oxidized LDL by
scavenger receptors of arterial wall macrophages is a
plausible mechanism for the formation of macrophage
foam cells. Recent studies have indicated that oxidized
LDL may be “double trouble” for macrophages. Not only
is it taken up avidly by the scavenger receptor, but it also
tends to accumulate within cells because of a defect in
metabolizing oxidized LDL. Sparrow and colleagues
showed that oxidized LDL accumulates within cells, in
contrast to acetyl LDL.” Lougheed and associates re-
cently demonstrated that the derivatization of apo B by
lipid peroxidation products results in extremely ineffi-
cient digestion of the modified apo B by lysosomal pro-
teases.™ Inefficient degradation of oxidized LDL could be
an important factor contributing to foam cell development
because it could retard the efflux of ingested lipids. Fur-
thermore, this finding could help to understand earlier
reports® that oxidatively modified LDL can be demon-
strated in macrophages by immunohistochemical tech-
niques using various antibodies specific for derivatized
lysine residues.

Aside from participating in foam cell development,
oxidized LDL has many other properties that could play
arole in atherosclerosis. One of the biologic effects of ox-
idized LDL is its cytotoxic effect on cultured endothelial
cells. This effect was reported by Henriksen and col-
leagues and by Chisolm and co-workers.*”” Both groups
observed that LDL that was incubated with cultured cells
under conditions permitting oxidation became toxic to the
cells. This work was extended by Chisolm and colleagues
in recent years, and it now appears that the cytotoxicity of
oxidized LDL is influenced by the phase of the cell cy-
cle.” They have shown that cells in the proliferative phase
are affected by oxidized LDL to a greater extent than are
confluent, resting cells. Cytochalasin B, a blocker of cell

proliferation and migration, as well as irradiation (which
blocks cell proliferation), prevents the cytotoxic effects of
oxidized LDL. Similarly, the treatment of cells with hy-
droxyurea to prevent them from entering the S phase of
growth blocked the toxicity of oxidized LDL, indicating
that cell toxicity is selective to cells in the S phase. Nei-
ther the active cytotoxin nor the precise mechanism(s) by
which the toxicity of oxidized LDL is effected is clear at
present. Antioxidants seem to ameliorate the cytotoxic ef-
fect of already oxidized LDL on cultured cells. For exam-
ple, cells previously exposed to antioxidants appear to be
protected against the cytotoxicity of oxidized LDL.”
Whatever the exact mechanism, damage to the arterial en-
dothelia by oxidized LDL could contribute to the devel-
opment of atherosclerosis by increasing the flux of
lipoproteins into the arterial intima, facilitating the entry
of leukocytes into the intima, or by promoting thrombo-
sis and platelet aggregation.

The effects of oxidized LDL may also explain why
monocytes, the progenitor cells of tissue macrophages,
enter the artery and why the macrophages become en-
trapped in the atherosclerotic artery. Quinn and associates
have established that the lipid components of oxidized
LDL contain chemotactic factors for circulating mono-
cytes, possibly explaining the initial recruitment of mono-
cytes into the arterial wall.” Furthermore, they have
shown that the lipid components of oxidized LDL have
the capacity to inhibit the migration of resident macro-
phages in culture, perhaps explaining why macrophages
become trapped in the intima. Quinn and co-workers
demonstrated that lysolecithin (generated by phospholi-
pase A, during LDL oxidation) is responsible for the
monocyte chemotactic activity of LDL.” These early
studies were important because they stimulated enormous
interest in elucidating new mechanisms (aside from foam
cell formation) whereby oxidized LDL might contribute
to atherogenesis. Other investigators have since estab-
lished many other potentially proatherogenic properties
of oxidized LDL (Table 2 and Figure 1). It is noteworthy
that many of the effects of oxidized LDL are mediated by
its lipid components.

Lysolecithin, a cytolytic lipid found in oxidized LDL,
possesses several potent biologic properties. In addition
to its monocyte chemotactic activity, it is chemotactic
to T lymphocytes.® T lymphocytes, which are present in
atherosclerotic lesions, together with monocytes-macro-
phages, produce various cytokines (such as interleukin-4
and gamma interferon) that have profound effects on
monocyte-macrophage functions, including the induction
and regulation of 15-lipoxygenase and the activity of the
scavenger receptor. In contrast, B lymphocytes and neu-
trophils do not respond to chemotactic stimulus by ly-
solecithin. Lysolecithin also induces adhesion molecules
on endothelial surfaces. Kume and colleagues reported
that lysophosphatidylcholine induced the expression of
vascular cell adhesion molecule-1 and intercellular adhe-
sion molecule-1 in cultured endothelial cells, a property
mimicked by several other metabolizable lysophospho-
lipids.® These adhesion molecules support the binding of
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TABLE 2.—Potentially Proatherogenic Effects of
Oxidized Low-Density Lipoprotein (LDL)

Responsible C t
Biologic Effect o Osdzed (DL
Increased uptake by macrophages ..... Modified protein
Monocyte chemotaxis ................ Lysophosphatidylcholine
Inhibited macrophage chemotaxis ..... Unknown lipid

Cellular cytotoxicity. ..................
Inhibited endothelium-dependent

Lipid, possibly an oxysterol

relaxation. ..ol Lysophosphatidyicholine
T-lymphocyte chemotaxis .............. Lysophosphatidylcholine
Increased monocyte adhesion to

endothelium....................... Unknown lipid
Induced granulocyte and macrophage

colony-stimulating factors............. Unknown lipid
Induced monocyte chemotactic

protein.....ooooeiiiiiiiiiennn. Unknown lipid
Increased interleukin-1 production ..... 9-HODE, 13-HODE,

: modified protein

Increased antigenicity................. Modified protein
Increased smooth muscle cell

proliferation ....................... Unknown components

Inhibited endothelial migration ........ Unknown lipid
9-HODE = 9-hydroxyoctadecadienoic acid, 13-HODE = 13-hydroxyoctadecadienoic acid

various leukocytes, including monocytes, to endothelial
cells.

A potentially extremely important property of oxi-
dized LDL is its ability to affect vasomotor properties of
blood vessels. Many studies have documented pro-
nounced vasomotor abnormalities accompanying athero-
sclerosis and hypercholesterolemia, including impaired
responsiveness to vasodilators and augmented responses
to vasoconstrictors.” Vascular endothelial cells synthesize
endothelium-derived relaxing factor, which has properties
similar (if not identical) to nitric oxide. This factor dif-
fuses from endothelial cells and relaxes smooth muscle
cells. Kugiyama and co-workers have shown that arteries
exposed to oxidized LDL show an unresponsiveness to
endothelium-derived vasodilators that is similar to that
observed in atherosclerotic vessels.® They presented evi-
dence that this defect was due to the lysolecithin in oxi-
dized LDL. Chin and associates presented convincing
evidence that a lipid component in oxidized LDL inacti-
vates nitric oxide.* In addition to its effects on vascular
tone, reducing levels of endothelium-derived relaxing fac-
tor may actually increase the development of atheroscle-
rotic lesions in rabbits.*® Oxidized LDL has also been
reported to induce the expression of endothelin from hu-
man and porcine endothelium.* Endothelin is a polypep-
tide vasoconstrictor that could contribute to vasospastic
events in atherosclerotic vascular disease.

The groups of Berliner and Fogelman at the Univer-
sity of California, Los Angeles, have extensively ana-
lyzed the biologic properties of minimally modified
LDL.* These LDLs have only small amounts of oxidized
lipids, little fragmentation of apo B, and insufficient apo
B derivatization for recognition by the scavenger recep-
tor; nevertheless, they may have extremely important
proatherogenic properties. The treatment of cultured en-
dothelial cells with minimally modified LDL causes a no-

table increase in the endothelial cell production of a
chemotactic factor for monocytes and also results in an
increase in the binding of monocytes to endothelial cells.®
The activity responsible for these actions was located in
the polar lipid fraction of the LDL. Subsequently, the
same investigators have shown that the monocyte chemo-
tactic factor produced by endothelial cells in response to
minimally modified LDL is monocyte chemotactic pro-
tein 1.¥ They also showed that minimally modified LDLs
cause a pronounced and rapid induction of various mono-
cyte and granulocyte growth factors known to affect the
migration, metabolism, survival, growth, and differentia-
tion of monocytes-macrophages and endothelial cells.®
Those growth factors could be important in the initiation
and growth of early atherosclerotic lesions. The specific
lipid components of oxidized LDL responsible for induc-
ing monocyte chemotactic protein 1 and the monocyte-
granulocyte growth factors are not yet known. In addition
to these effects, minimally modified LDLs dramatically
induce tissue factor production by endothelial cells.” This
increased tissue factor production could be important in
promoting thrombosis in atherosclerotic lesions.

Several other chemical components of oxidized LDL
have been suggested to have potent biologic properties.
For example, 9- and 13-hydroxyoctadecadienoic acid, ox-
idized fatty acid derivatives present in oxidized LDL,
elicit interleukin-1 secretion from resting mouse peritone-
al macrophages.” Interleukin-1 is a cytokine produced by
monocytes-macrophages in response to various immune
and inflammatory events. It can influence the patho-
genesis of atherosclerosis by inducing vascular smooth
muscle proliferation and promoting the adherence of
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Figure 1.—Mechanisms are shown whereby various components
of oxidized low-density lipoprotein (LDL) might contribute to
atherogenesis. Apo B = apolipoprotein B, EDRF = endothelium-
derived relaxing factor, GM-CSF = granulocyte and macrophage
colony-stimulating factor, 9-HODE = 9-hydroxyoctadecadienoic
acid, 13-HODE = 13-hydroxyoctadecadienoic acid, ICAM-1 = in-
tercellular adhesion molecule-1, IL-1 = interleukin-1, Lyso PC =
lysophosphatidylcholine, MCP-1 = monocyte chemotactic pro-
tein 1, M-CSF = monocyte colony-stimulating factor, VCAM-1 =
vascular cell adhesion molecule-1
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leukocytes to the endothelium. Recent results suggest that
the protein component of oxidized LDL can induce the
release of interleukin-1 from foam cells isolated from the
atherosclerotic lesions of cholesterol-fed rabbits (B. A.
Lipton, S. Parthasarathy, V. A. Ord, S. K. Clinton, P.
Libby, M. E. Rosenfeld, “Oxidized Low-Density Lipo-
protein Stimulates Interleukin-1 Production by Rabbit
Arterial Foam Cells,” April 1993, unpublished manu-
script). Acetyl LDL does not share this property.

In addition to those effects, oxidized LDL has several
other proatherogenic effects. For example, recent studies
of Murugesan and colleagues show that oxidized LDL,
presumably a lipid peroxide, inhibits the migration of en-
dothelial cells.” These authors point out that such an ef-
fect, if it persists in vivo, could compromise the response
of the endothelium to wound healing after injury.

The effects of oxidized LDL on gene expression and
on cellular metabolism are being studied intently in many
laboratories, and new reports appear monthly. Despite the
excitement generated by this research, caution should be
exercised in interpreting the reported biologic effects of
oxidized LDL, because many of the in vitro cell culture
experiments may not accurately reflect in vivo conditions
in the arterial wall. We also emphasize that some effects
of oxidized LDL may not be atherogenic. For example, it
has been suggested that oxidized LDL increases prosta-
cyclin production by cultured cells.”? It also suppresses the
synthesis of platelet-derived growth factor-3* and tumor
necrosis factor-a synthesis* by endothelial cells and mac-
rophages. Whether these phenomena are atherogenic is not
yet clear.

Evidence That Oxidized Low-Density
Lipoproteins Are Important in Atherogenesis

As outlined, immunohistochemical studies and in situ
hybridization studies on the arterial wall provide strong
evidence that oxidized LDL exists within atherosclerotic
lesions, and many different biologic effects of oxidized
LDL are potentially atherogenic. But how important are
these observations? Is oxidized LDL simply an innocent
bystander, or does it play a key role in the pathogenesis of
atherosclerosis? The most striking evidence in favor of
the importance of oxidized LDL in atherogenesis comes
from studies of animals indicating that administering an-
tioxidants can retard the development of atherosclerosis.
Several of the most convincing studies on these anti-
atherogenic properties were performed with the hypo-
lipidemic agent probucol. In humans, probucol lowers
LDL-cholesterol levels only slightly, but it usually lowers
HDL levels substantially. Probucol is lipophilic and is
carried in the plasma almost exclusively by lipoproteins.
It is also a powerful antioxidant—even more powerful
than vitamin E. Low-density lipoprotein prepared from
the piasma of human subjects taking therapeutic doses of
probucol is highly resistant to oxidative modification by
cultured endothelial cells when compared with control
LDL preparations and consequently has considerably re-
duced uptake by cultured macrophages.” Carew and co-
workers tested whether probucol would reduce ath-

erosclerosis in WHHL rabbits.* Their study included a
group of probucol-treated animals and two control
groups. One control group was given no drug and the
other control group was given small doses of lovastatin
titrated carefully to maintain cholesterol levels at the
same level as those in the probucol-treated animals. Af-
ter seven months, they observed an approximately 50%
reduction in the surface area of lesions in the probucol-
treated animals compared with those of the cholesterol-
matched, lovastatin-treated controls. Furthermore, using
sophisticated arterial wall metabolism studies that in-
volved radiolabeled LDL tracers, they documented that
in the probucol-treated group, the uptake and degradation
of LDL within the lesioned areas of the aorta were re-
duced compared with those in the lovastatin-treated
group. Virtually simultaneously, Kita and colleagues per-
formed similar studies on the effect of probucol on ath-
erosclerosis in WHHL rabbits, and they found essentially
identical results—a major reduction in atherosclerotic le-
sions.” Since these two studies, the antiatherogenic prop-
erties of probucol have been established by various
laboratories both in WHHL rabbits and in cholesterol-fed
rabbits.*

The efficacy of antioxidants in cholesterol-fed ani-
mals, particularly in rabbits, in which the predominant
cholesterol-carrying lipoprotein is 3-VLDL, raises an in-
teresting issue. The B-VLDLs are large, cholesterol-rich
lipoproteins that contain a substantial amount of apo E in
addition to apo B. These lipoproteins are taken up effec-
tively by macrophages by an apo E-mediated pathway, a
situation that can lead to massive cholesterol accumula-
tion without any requirement for oxidative modification.
The effectiveness of antioxidants in retarding atheroscle-
rosis in cholesterol-fed rabbits suggests the possibility
that the oxidation of B-VLDL plays a role in inducing
atherosclerosis in this experimental model. In vitro stud-
ies suggest that 3-VLDLs undergo oxidative modification
similar to that observed with LDL and that the modified
B-VLDLs are taken up by macrophages by the scavenger
receptor. Oxidation of B-VLDL in vivo offers a possible
explanation for a portion of the foam cell formation and
for some of the other pathologic features of atherosclero-
sis (such as the attraction of T lymphocytes and macro-
phages into the lesions).

In addition to its antioxidant properties, probucol also
affects LDL- and HDL-cholesterol levels, inhibits the re-
lease of interleukin 1 from macrophages, and increases
the transfer of cholesteryl esters from HDL to LDL. Con-
sequently, the antiatherogenic properties of probucol may
not be due solely to its antioxidant properties. To examine
this issue further, scientists at Marion Merrell Dow Inc
(Kansas City, Missouri) have developed and characterized
several chemical derivatives of probucol that retain an-
tioxidant and lipophilic properties but have minimal or no
effects on lipoprotein metabolism.”'® These analogues
retained the ability to inhibit atherosclerosis in WHHL
rabbits, implying that the antioxidant properties of probu-
col may play a key role in inhibiting atherogenesis. The
notion that probucol’s antioxidant effects are important
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is supported by the fact that other antioxidants, includ-
ing butylated hydroxytoluene' and NN’-diphenyl-1,4-
phenylenediamene,'” have antiatherosclerotic effects in
animal models. Sparrow and associates showed that NN'-
diphenyl-1,4-phenylenediamene effectively inhibited LDL
oxidation in vitro at low concentrations and found that it
reduced the incidence of aortic lesions in cholesterol-fed
rabbits by 50% to 70% without affecting total plasma
cholesterol levels."”

Another major reason to think that oxidized LDL may
be important in atherogenesis is that epidemiologic stud-
ies have indicated that plasma levels of natural antioxi-
dants are inversely proportional to the risk of ischemic
heart disease. Gey and co-workers ascertained levels of
vitamin E and other plasma antioxidants in 16 different
European populations that differed sixfold in mortality
from ischemic heart disease." Among 12 populations
with similar cholesterol levels (clustered around “normal”
levels—5.70 to 6.20 mmol per liter [220 to 240 mg per
dl]), the blood pressure readings and the serum choles-
terol levels were not predictive of ischemic heart disease
mortality. A striking inverse correlation was found, how-
ever, between heart disease mortality and vitamin E lev-
els. Inverse relationships also were observed between
heart disease risk and two other antioxidants, vitamins
A and C, although the relationships were considerably
weaker. The inverse relationship of ischemic heart disease
risk and antioxidants remained significant after adjust-
ment for other classical risk factors—smoking, blood
pressure, and cholesterol level.

Stampfer and colleagues recently reported on a pro-
spective study of the relationship between antioxidant
vitamin intake and ischemic heart disease in more than
87,000 female nurses." They found a significant (~35%)
reduction in coronary heart disease risk in women with
the highest quintile of vitamin use versus women with the
lowest quintile of vitamin use, and this finding remained
significant after adjustment for age, smoking, and other
heart disease risk factors. The apparent benefit of vitamin
E was largely confined to those who consumed vitamin E
supplements for more than two years. Similarly, Rimm
and associates assessed vitamin intake in more than
39,000 healthy male health care professionals.'” During
four years of follow-up, 667 cases of coronary artery dis-
ease occurred. For men consuming more than 60 IU per
day of vitamin E, the risk of coronary disease was re-
duced by approximately 35%. No decrease in coronary
risk was noted in men who had reported a high intake of
vitamin C. Riemersma and co-workers reported on a
case-control study that supported an inverse relationship
_ between the plasma vitamin E level and the incidence of
angina pectoris." In this study, they measured vitamin E
levels of 110 patients with angina and 394 control sub-
jects. Patients with angina had significantly lower vitamin
E levels, even after adjustment for smoking habits, age,
lipid levels, weight, and blood pressure.

No large, prospective, randomized trials have tested
whether administering antioxidant vitamins would reduce
the incidence of atherosclerosis in humans. The best

prospective evidence to date comes from a preliminary re-
port from the Harvard Physicians Health Study that was
originally designed to test the hypothesis that 3-carotene
might reduce cancer rates.'” This study enrolled 333 male
physicians with angina pectoris, coronary revasculariza-
tion, or both. Those men assigned to receive B-carotene,
50 mg on alternate days, had a 44% reduction in major
coronary events (P < .05) and a 49% reduction in all ma-
jor vascular events (P < .02) after adjustment for age.
Controlling for aspirin use and other major risk factors
did not affect these findings. This randomized trial is con-
tinuing, and data on the primary prevention of heart dis-
ease with B-carotene should become available in a few
years. Another large-scale trial testing vitamin E and -
carotene use in the primary prevention of heart disease
has recently been funded by the National Institutes of
Health.'"”

Several other intriguing studies in humans provide
suggestive evidence for the importance of oxidation in
atherogenesis. Salonen and associates analyzed whether
the titer of antibodies directed against epitopes in oxi-
dized LDL have any predictive value in the progression of
carotid atherosclerosis in Finnish men.'® They compared
antibody titers against malondialdehyde-modified LDL in
30 men with accelerated progression of carotid athero-
sclerosis and in 30 controls without progression. Those
with accelerated progression had a significantly higher
antibody titer than controls, and the titer of antibodies re-
mained significant in a multifactorial logistic model that
considered many other atherosclerotic risk factors. This
preliminary study suggests that the titer of antibodies
against oxidized LDL might be correlated with the activ-
ity of the atherosclerotic disease process. These findings
need confirmation, especially because the same investi-
gators did not find any difference between cases and
controls with respect to titers of other oxidized LDL au-
toantibodies.'® If the results of these immunochemical
studies are borne out by future studies, they will suggest
that an immune response triggered by oxidized LDL may
be important in atherogenesis.

Another recently published chemical study lending
support to the pathogenetic importance of oxidized LDL
analyzed the length of “lag phase” preceding copper ion-
induced LDL oxidation in a group of patients who had
had myocardial infarction and had undergone coronary
angiography.® The authors found an inverse relationship
between the lag phase and quantitative estimates of global
coronary atherosclerosis, supporting the notion that the
quantity of natural antioxidants in LDL has a clinically
important effect on atherosclerosis.

Where We Stand With Oxidized
Low-Density Lipoprotein

Considerable evidence has now accumulated that the
oxidation of LDL in vivo plays an important role in
atherogenesis. The story began with cell culture observa-
tions indicating that the oxidation of LDL could promote
its uptake by macrophages and was toxic to endothelial
cells. But in recent years, laboratory studies have focused
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on several new mechanisms whereby LDL oxidation,
even to minimal degrees, might be atherogenic. Studies of
humans and animals have demonstrated the existence
of oxidized LDL in atherosclerotic lesions. Studies of
animals showing the antiatherogenic effects of several
different antioxidants have strongly suggested that the
oxidation of LDL plays a key role in atherogenesis. Epi-
demiologic studies showing an inverse relationship be-
tween antioxidant vitamin levels and heart disease have
also lent credence to the hypothesis that oxidized LDL is
important in atherogenesis.

The emergence of oxidized LDL as a potentially im-
portant “player” in atherosclerosis is exciting for both
basic scientists and clinicians. For basic scientists, the ox-
idized LDL explanation has begun to shed light on the
“black box” between high levels of LDL in the blood and
the development of atheromas in the artery wall. Illumi-
nating the pathway between high cholesterol levels and
atherosclerosis has posed many new questions for inves-
tigators of atherosclerosis. For example, the topic of pre-
cisely which cellular chemical reactions are responsible
for the initiation of LDL oxidation in the arterial wall is
currently an active area of research. Further research into
the mechanism of LDL oxidation may uncover new tar-
gets for the drug treatment of atherosclerosis. If 15-
lipoxygenase turns out to be the most important enzyme
in the initiation of LDL oxidation in the arterial wall, then
searches for potent and safe 15-lipoxygenase inhibitors
would be in order.*® Similarly, which natural antioxidants
are most effective is a hot topic of research. If future re-
search indicates that ubiquinol-10 is the most effective
natural antioxidant, as some have suggested,'” then inter-
vention studies with this agent should be done. The pos-
sible importance of oxidized LDL has led many scientists
to focus their efforts on understanding the biology of spe-
cific gene products, such as the acetyl-LDL receptor and
15-lipoxygenase.® Over the next three or four years, new
animal models will likely be created that lack these gene
products or overexpress the gene products in the arterial
wall. Study of these animals will undoubtedly help to
clarify the importance of these gene products in the gen-
eration of oxidized LDL and macrophage foam cells.

From the point of view of clinicians, the recent stud-
ies on oxidized LDL hold out the promise of a relatively
quick payoff. It has been less than a decade since oxidized
LDL was proposed as having a possible role in athero-
sclerosis, yet primary prevention trials are already under-
way, and angiographic trials to assess the effect of natural
antioxidants on coronary anatomy will begin soon.'” If
natural antioxidants are effective in humans, a new ap-
proach to the treatment of heart disease will have been
established, and physicians would then have to be con-
cerned with the concentration of LDL in their patients’
plasma as well as protecting their patients” LDL from ox-
idation within the artery wall.

Oxidized LDLs have recently gained a lot of attention
in the lay literature, and a large percentage of the United
States population now consumes antioxidant vitamins
with the hope of preventing heart disease. Should physi-

cians “jump the gun” on the scientific trials and begin to
recommend antioxidant vitamins or drugs to their pa-
tients? Steinberg has recently argued articulately and
persuasively that we should await large, prospective,
long-term, double-blind clinical trials in humans before
advocating vitamin E supplements to our patients."* We
agree with this point of view. Although the oxidized LDL
hypothesis is tantalizing, we should insist on solid clini-
cal trial evidence before making public health policy.
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